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apor adsorption properties of
framework hybrid W-ZSM-5/silicalite-1 prepared
from RHA

Yisong Wang, He Jia, Xin Fang, Ziyang Qiu and Tao Du *

Framework hybrid W-ZSM-5 and W-silicalite-1 zeolites were synthesized by hydrothermal methods using

rice husk ash (RHA) as a silicon raw material. RHA is a low-cost precursor material, and its use can also

alleviate the environmental and human health related problems that may occur when it is stacked in

open fields. A series of comparative samples were characterized by XRD, FTIR, ICP-OES, SEM, N2

adsorption–desorption and pore size analysis in order to examine their crystal structure, hybrid state,

morphology and textural properties. The maximum CO2 adsorption capacities of W-ZSM-5 and W-

silicalite-1 are 81.69 and 69.96 cm3 g�1, respectively, measured at 15 bar. The isotherms of CO2, N2 and

O2 are perfectly fitted by the Toth model, and it is noted that the presence of Al atoms increases the

heterogeneity. It can be seen that the greater the heterogeneity of the adsorbent, the larger the CO2

adsorption capacity achieved. The incorporation of tungsten into the framework does not affect the

crystallization of the zeolite, but it prevents the formation of silanol and O–H groups at the adsorption

sites. Therefore, the CO2/H2O selectivity of W-ZSM-5 is slightly higher than that of ZSM-5, and that of

W-silicalite-1 is three times that of silicalite-1. W-ZSM-5/silicalite-1 are promising adsorbents for

separating CO2 under humid industrial conditions.
1. Introduction

As the main greenhouse gas, carbon dioxide (CO2) from facto-
ries is emitted into the atmosphere, contributing to the green-
house effect and a series of problems for ecosystems,
biodiversity and human economic activity.1,2 In the short term,
if there is no revolutionary development of new energy and
energy storage technologies, fossil fuel combustion will still be
needed to meet the growing demand for energy consumption.3

A promising medium-term solution is carbon capture and
utilization (CCU), which continuously captures CO2 from
industrial processes and converts it into value-added chem-
icals.4 This technology is not enough to replace large-scale
storage facilities for CO2, but other economic chemical prod-
ucts can compensate for the cost of carbon emission reduction.
The crucial technology captures CO2 gas from power plants,
industry and transportation.5 In addition, CO2 capture and
separation technology is also used for air prepurication,
natural gas purication and carbon removal from ue gas.6–9

Aqueous amine absorption, solid adsorbent adsorption,
membrane separation and cryogenic separation methods for
CO2 capture have received wide attention due to their respective
advantages.10–12 Instead of the aqueous alkanolamine
oratory of Eco-Industry, Northeastern
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absorbents, the use of solid adsorbents can avoid large amounts
of renewable energy and equipment corrosion. They can also be
used in pressure swing adsorption and temperature swing
adsorption processes to separate CO2 efficiently.13 Hence, it is
necessary to explore solid adsorbents that are superior in
performance, economical to produce, and suitable for practical
industrial conditions.

Zeolites are pore-rich solid adsorbents with regions of elec-
tric eld due to their inherently negatively charged frameworks
and cations. And thus they have unique physical adsorption
properties. Yan et al. prepared amidoxime modied zeolite X to
simulate its sensitivity change as a cerium ion adsorbent for
industrial wastewater treatment.14 Wanigarathna et al. opti-
mized the pore size of zeolite 5A by chemical modication with
tetraethyl orthosilicate to obtain pure R134a from a refrigerant
mixture.15 Zukal et al. prepared isoreticular siliceous zeolites for
the separation of CO2 and investigated the effect of their
dimensions on the heat of adsorption.16 Industrial waste, agri-
cultural waste and natural minerals can be used as alternative
synthetic raw materials for silicon and aluminum to improve
the economics of preparation and facilitate large-scale appli-
cation. The agricultural waste rice husk ash (RHA) contains
more than 90% amorphous silica, which is suitable for
preparing silica-based adsorbents including zeolites. Setthaya
et al. synthesized a TiO2–zeolite photocatalyst by a hydro-
thermal method with metakaolin and rice husk ash, which
showed excellent performance in the adsorption and
This journal is © The Royal Society of Chemistry 2020
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degradation of methylene blue.17 Khoshbin et al. synthesized
a series of ZSM-5 zeolites using ultrasonic energy and studied
their activity in the catalytic cracking of light naphtha.18 Jesu-
doss et al. successfully synthesized ZSM-5 by a hydrothermal
method using waste such as rice hull ash, and studied the
potential cytotoxic effects of different concentrations of graded
ZSM-5 zeolite on human lung epithelial carcinoma A549 cells.19

RHA is a potential source of low-cost precursors, and its use can
also alleviate the environmental and human health related
issues that may occur when it is stacked in open spaces.20

Further, the RHA concentrated in biomass power plants has
excellent sustainability performance in environmental,
economic and social assessments.21

The synthesis of ZSM-5 zeolite needs a template as a struc-
ture-directing agent, so it is easier to prepare it with inexpen-
sive alternative raw materials.22 In general, ZSM-5 zeolite with
a low silicon/aluminum ratio has an excellent performance in
pressure swing adsorption (PSA) applications, because the
counter ions outside the framework are the main active
adsorption sites for CO2 adsorption.23 Also, highly crystalline
ZSM-5 with high surface area and adjustable three-dimensional
pore structure is expected to become a promising CO2 adsor-
bent.24 Although ZSM-5 zeolite has been widely used and
intensively explored in various elds, it also needs to be modi-
ed to improve the practicability for CO2 adsorption; for
example, hybrid zeolites doped with other substances have been
prepared. Kalantarifard et al. synthesized ZSM-5 with large pore
surface structures and modied it with ethylenediamine to
achieve high CO2 adsorption capacity from the gas stream.25 Lin
et al. used an amine bifunctional compounding strategy for the
manufacture of a gra impregnated ZSM-5/KIT-6 composite,
which exhibited excellent CO2 adsorption performance and
prospects for capturing CO2 from actual ue gas.26 It is well
known that the CO2 adsorption performance of adsorbents is
largely inuenced by water vapor in various industrial applica-
tions. Datta et al. prepared a microporous coppersilicate in
which copper atoms were introduced into the framework of
a titanosilicate in place of titanium atoms and achieved excel-
lent CO2 capture performance in humid ue gases and humid
atmosphere.27 Ke et al. used a bulky alkali metal–crown ether
complex as a template to incorporate boron and copper
heteroatoms into the framework of a high silicon RHO zeolite,
which was used to remove traces of carbon dioxide from a CO2/
CH4/N2 mixture under humid conditions.28 Ding et al. studied
a method for liquid-phase oxidation of ethylamine with
hydrogen peroxide on a tungsten-doped MOR zeolite, and the
catalytic reaction activity was increased due to the change in the
coordination state of the W species.29 However, research on the
incorporation of other atoms into the ZSM-5 framework has
rarely been reported. Moreover, it is valuable to explore the
effect of mixed atoms in the ZSM-5 framework on the adsorp-
tion of CO2 and water vapor.

The aim of this work is to synthesize W-ZSM-5 and W-
silicalite-1, in which tungsten is incorporated within the
framework, using RHA as an alternative silicon raw material to
reduce the cost of preparation. The physicochemical properties
of the materials were investigated by means of characterization,
This journal is © The Royal Society of Chemistry 2020
and a series of CO2, N2, O2 and water vapor adsorption
measurements were performed. By comparing the experimental
results with those for ZSM-5 and silicalite-1, the tungsten and
aluminum content in the framework and its effect on gas
adsorption were explored. Through calculation of the equilib-
rium adsorption amount, selectivity and water vapor adsorption
properties, the materials were evaluated under actual humid
multi-component industrial conditions.

2. Experimental
2.1. Materials

Fresh rice husk was obtained from local farms. The silica was
then extracted from the RHA using alkali dissolution and acid
leaching processes according to our previous work.30 Hydro-
chloric acid (HCl), sodium aluminate (NaAlO2), sodium tung-
state dihydrate (Na2WO4$2H2O), sodium hydroxide (NaOH) and
tetrapropylammonium hydroxide (TPAOH, 25 wt% in H2O) were
obtained from Sinopharm Chemical Reagent Co., Ltd. The
helium, nitrogen, carbon dioxide and oxygen gas (all 99.999%)
used in this work were supplied by Shenyang Shuntai Special
Gas.

2.2. Preparation of W-ZSM-5/silicalite-1

W-ZSM-5 zeolite was synthesized by using a hydrothermal
template method with an initial gel composition of
1.24Na2O : 100SiO2 : Al2O3 : 2WO3 : 32TPAOH : 2000H2O. In
a typical synthesis process, 0.032 g of NaOH and 0.27 g of
NaAlO2 were dissolved in 27 mL of deionized water, followed by
the addition of 1.1 g of NaWO4$2H2O with continued stirring.
Aer the stirred solution became clear, 43.4 g TPAOH and 10 g
RHA silica were slowly added. Then, the solution was aged for
4 h at room temperature. The resulting mixed gel was trans-
ferred to a 200 mL Teon-lined stainless-steel autoclave and
sealed. The crystallization process was carried out in an oven at
165 �C for 48 h. The product was ltered, washed and
completely dried, and nally calcined at 500 �C for 6 h in N2 ow
to remove the organic template. The Al-free zeolite W-silicalite-1
was synthesized similarly using the above chemical ratio and
process, but without the addition of an Al source. As compara-
tive samples, non-framework hybrid zeolites without tungsten
were also synthesized, and named ZSM-5 and silicalite-1.

2.3. Characterization methods

The powder X-ray diffraction (XRD) data was collected on an
XRD-7000S powder diffractometer (Shimadzu, Japan) with Cu
Ka radiation (l ¼ 0.154 nm) operated at 40 kV and 40 mA. The
samples were placed in a glass sample holder and scanned from
2q ¼ 5 to 40� with step size of 0.02� and scanning rate of
2� min�1. The Fourier transform infrared (FTIR) spectra of the
samples were recorded using a Cary 660 Spectrum One FTIR
spectrometer (Agilent Technologies, Australia) within the
wavenumber range of 3600–400 cm�1. Before this, the samples
were dried under vacuum for 2 h at 100 �C to avoid signal
interference from adsorbed water. The inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis was
RSC Adv., 2020, 10, 24642–24652 | 24643
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performed on an Optima 8300DV spectrometer (PerkinElmer,
America) to determinate the element contents. Scanning elec-
tron microscopy (SEM) images were obtained on an ULTRA
PLUS microscope (ZEISS, Germany) with a working distance of
8.7 mm at an accelerating voltage of 15 kV. The N2 adsorption–
desorption isotherm at �196 �C was measured with an ASAP
2020 adsorption instrument (Micromeritics, USA). Prior to the
test, the samples were degassed at 350 �C for 5 h. The specic
surface area, micropore volume, micropore distribution and
mesoporous distribution were calculated by the Brunauer–
Emmett–Teller (BET) method, t-plot method, Horvath–Kawazoe
(HK) method and Barrett–Joyner–Halenda (BJH) method,
respectively. The total pore volume was calculated at a relative
pressure of P/P0 ¼ 0.995.
Fig. 2 FTIR spectra of (a) W-ZSM-5, (b) W-silicalite-1, (c) ZSM-5 and (d)
silicalite-1.
2.4. Adsorption measurements

CO2, N2 and O2 gas adsorption capacity measurements were
carried out on a 3H-2000PH adsorption instrument (BeiShiDe,
China) with isotherms at �15, 0, 25 and 50 �C. The temperature
was controlled by heating and cooling of the circulating glycol
thermal uid. The sample was pretreated at 350 �C for 5 h under
a vacuum of 10�5 bar, and adsorption was carried out in a pres-
sure range from approximately 0.01 to 15 bar. Water vapor
adsorption–desorption isotherms were measured using a 3H-
2000 PW gravimetric vapor adsorption instrument (BeiShiDe,
China). During the test, the relative pressure was controlled at the
Fig. 1 XRD patterns of (a) W-ZSM-5, (b) W-silicalite-1, (c) ZSM-5 and
(d) silicalite-1.

Table 1 Unit cell parameters calculated from powder diffraction of the

Sample

Unit cell (Å)

a b c

W-ZSM-5 19.9895 19.8621 1
W-silicalite-1 19.9264 19.8092 1
ZSM-5 19.9927 19.8649 1
Silicalite-1 19.8786 20.3437 1

24644 | RSC Adv., 2020, 10, 24642–24652
target pressure through the volatilization of pure steam into the
vacuum test chamber, and the temperature was constant at 25 �C.
Before the sample was assembled, it was heated under the same
conditions as above in order to remove moisture and impurities.

3. Results and discussion
3.1. Characterization

Fig. 1 shows the XRD patterns of the synthesized zeolites W-
ZSM-5, W-silicalite-1, ZSM-5 and silicalite-1. The MFI-type
structure diffraction peaks at 7.8�, 8.9�, 23.5�, 23.7� and 24.1�

are observed for all samples, and correspond to the (101), (200),
(051), (033) and (133) crystal planes respectively.31 This indicates
that the incorporation of tungsten does not affect the zeolite
framework type, and there are no diffraction peaks for Al2O3 or
WO3 crystals. For W-ZSM-5 and ZSM-5, the intensity of the
peaks at 2q ¼ 7–9� is relatively low due to the Si/Al content
ratio.32 The unit cell parameters of the samples are listed in
samples

Unit cell volume
(Å3)

Interplanar spacing
(051)

3.3258 5290.78 3.8069
3.2528 5231.21 3.7959
3.3040 5283.70 3.8068
3.2802 5370.56 3.8903

Table 2 Elemental analysis from ICP-OES of the samples (at%)

Sample Na Si Al O W

W-ZSM-5 0.21 42.76 0.72 55.62 0.68
W-silicalite-1 0.25 44.46 0.00 54.55 0.74
ZSM-5 0.18 41.73 0.92 57.16 0.00
Silicalite-1 0.05 42.63 0.00 57.32 0.00

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of (a) W-ZSM-5, (b) W-silicalite-1, (c) ZSM-5 and (d) silicalite-1.

Fig. 4 N2 adsorption–desorption isotherms of (a) W-ZSM-5, (b) W-silicalite-1, (c) ZSM-5 and (d) silicalite-1. Filled symbols: adsorption; empty
symbols: desorption.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 24642–24652 | 24645
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Fig. 5 HK and BJH pore size distributions of (a) W-ZSM-5, (b) W-silicalite-1, (c) ZSM-5 and (d) silicalite-1.
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Table 1. The differences in the values of the unit cell volume and
the interplanar spacing indicate that the zeolite framework
contains a mixture of tungsten and aluminum atoms. Fig. 2
shows the FTIR spectra of the samples in the wavenumber
ranges of 3600–3300 and 1800–400 cm�1. The strong, broad
bands at 1234 and 1072 cm�1 are due to the T–O stretching
vibration and the asymmetric stretching vibration of the TO4

tetrahedron, respectively (T ¼ Si, Al, W). The bands at 800, 547,
and 451 cm�1 are associated with the symmetric stretching
vibrations of the tetrahedrons, typical vibrations connected to
the outside of the tetrahedrons of the MFI framework structure,
and Si–O bending vibrations, respectively. The bands at 3450
and 1630 cm�1 are ascribed to the OH stretching vibration of
the silanol groups and the HOH bending vibration resulting
from extended hydrogen bonding.33–35 It can be clearly seen that
the doping of tungsten atoms in the zeolite framework prevents
the formation of silanol and O–H groups. The quantitative
elemental analysis is summarized in Table 2. W atoms are
present in the hybrid frameworks of W-ZSM-5 and W-silicalite-
1, which is consistent with the XRD and FTIR ndings. Fig. 3
shows SEM images of the microscopic appearance of the
morphological features. The ZSM-5 type zeolite consists of
24646 | RSC Adv., 2020, 10, 24642–24652
agglomerated small particle crystals, and silicalite-1 consists of
single angular crystals. The incorporation of tungsten has no
effect on the appearance of the morphology, and only affects the
internal framework. The crystal size of W-silicalite-1 is approx-
imately 100 nm, compared with 200 nm for silicalite-1. Fig. 4
shows the N2 adsorption–desorption isotherms at liquid
nitrogen temperature, and the corresponding pore size distri-
butions calculated by the HK and BJH models are shown in
Fig. 5. Themain difference in the isotherms is between the ZSM-
5 and silicalite-1 types, in which a hysteresis loop is present for
silicalite-1 due to the larger size of the mesopores. This may be
due to reorientation of the nitrogen molecules, which increases
the packing density and creates a more favorable quadrupole–
quadrupole interaction. The step in the adsorption branch for
W-silicalite-1 was located at higher P/P0 compared to silicalite-1.
The reason for the shi in this step is that W-silicalite-1 has
10% more mesopores than silicalite-1. The pore size properties
of ZSM-5 are minimally affected by tungsten, but its inuence
on the BET surface area and mesopore ratio of silicalite-1 is not
negligible. The detailed textural properties including surface
area, pore volume and pore size are summarized in Table 3. It is
seen that the presence or absence of Al atoms in the zeolite
This journal is © The Royal Society of Chemistry 2020
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Table 3 Textural properties of the prepared samples

Sample SBET (m2 g�1) Vtotal (cm
3 g�1) Vmicro (cm

3 g�1)
Mesopore ratio
(%) DHK (nm) DBJH (nm)

W-ZSM-5 400 0.319 0.163 48.90 0.55 1.85
W-silicalite-1 351 0.298 0.176 40.94 0.55 2
ZSM-5 416 0.338 0.172 49.11 0.59 1.85
Silicalite-1 404 0.273 0.191 30.04 0.57 2.14
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framework structure has a greater impact on the properties of
the potential adsorption pores and channels by comparison.
3.2. CO2 adsorption

Fig. 6 shows the adsorption isotherms of CO2 on W-ZSM-5 and
W-silicalite-1 at �15, 0, 25 and 50 �C at pressures up to 15 bar.
The adsorption equilibrium curve is well consistent with the
typical Langmuir isotherm, which is type I according to the
IUPAC classication.36 It should be pointed out that CO2 enters
the zeolite sample as a single layer in a reversible adsorption
process, and this is a result of volume lling due to most of the
space being microporous. The steric effect between the adsor-
bate and the pore structure of the adsorbent is negligible due to
the sufficient pore volume. As the pressure reaches 15 bar, the
isotherm shape becomes at, indicating that the material is
close to adsorption saturation. The measured maximum
adsorption capacities of W-ZSM-5 and W-silicalite-1 are 81.69
and 69.96 cm3 g�1, respectively. For single layer adsorption, the
difference in adsorption amount between the two samples is
caused by the specic surface area and pore volume. Further-
more, although the CO2 molecule is non-polar, it has a very
large quadrupole and can be attracted by the electrostatic eld
in the zeolite. Therefore, the difference in the atoms causing the
electronegativity in the zeolite framework also affects the
number of adsorption sites. Adsorption decreases with
increasing temperature due to the increase in the gas kinetic
energy, which is determined by the physical adsorption char-
acteristics. Since it is an exothermic process, heat rapidly
Fig. 6 Adsorption isotherms of CO2 on (a) W-ZSM-5 and (b) W-silicalite

This journal is © The Royal Society of Chemistry 2020
accumulates as the adsorption process progresses, and thus
high temperatures are unfavorable for the reaction.

In Fig. 6 and 7, the dashed lines represent the CO2 adsorp-
tion data as tted by the Tothmodel. In the process of designing
an adsorption device, it is necessary to rely on an adsorption
model to evaluate the adsorption properties of the adsorbent.
The Toth model is actually a three-parameter improved Lang-
muir model, which has the advantage of accurately describing
adsorption at high pressure, and is suitable for predicting the
saturated adsorption capacity of the adsorbent. It assumes that
the adsorption sites have a quasi-Gaussian distribution and that
most of their adsorption energies are less than the peak
adsorption energy. It is given by the following equation:37–39

q ¼ qmðbpÞh
1þ ðbpÞt

i1=t (1)

t ¼ t0 þ a

�
1þ T0

T

�
(2)

where q is the equilibrium adsorbed amount at adsorbate gas
pressure p, qm is the maximum adsorbed amount, b is the Toth
model adsorption constant, t is a constant representing the
heterogeneity of the adsorbent, t0 is the heterogeneity constant
at the reference temperature T0, T is the adsorption temperature
and a describes the temperature dependence.

The CO2 adsorption isotherm tting parameters obtained
from the Toth model are listed in Table 4, and the correlation
coefficient R2 is in a relatively high range of 0.9983–0.9998. With
-1 at different temperatures.

RSC Adv., 2020, 10, 24642–24652 | 24647
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Table 4 Toth isotherm parameters for CO2 adsorption at different temperatures

Sample
Temperature
(�C) qm (cm3 g�1) b t R2 q15 bar (cm

3 g�1)

W-ZSM-5 �15 96.524 53.172 0.393 0.9984 80.79
0 91.914 24.654 0.424 0.9983 76.39
25 91.239 8.885 0.433 0.9984 70.22
50 97.669 4.239 0.404 0.9988 63.89

W-silicalite-1 �15 72.038 5.679 0.787 0.9993 69.36
0 71.670 3.370 0.824 0.9995 68.38
25 68.618 1.451 0.817 0.9998 62.40
50 68.216 0.717 0.795 0.9998 57.15

ZSM-5 0 89.481 11.322 0.482 0.9991 75.71
Silicalite-1 0 73.824 2.953 0.781 0.9994 69.21
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the increase in temperature, the saturated adsorption amount
on all adsorption sites on the adsorbent surface covered by
adsorbate, represented by qm, decreases, which is because the
process is a physical adsorption process. b represents the
activity coefficient of the competitive process between the
solvent and the adsorbate that occupies the binding site on the
solid surface. It can be seen from its value that the adsorbate
has a higher thermodynamic activity coefficient in its bound
Fig. 7 Adsorption isotherms and Toth model fitting for CO2, N2 and O2

24648 | RSC Adv., 2020, 10, 24642–24652
state and free state at lower temperature. By calculation, the
CO2 adsorption amounts of the samples at 1 bar are up to 68–
72% of those at 15 bar at 0 �C. However, this value becomes
lower as the temperature rises, and it drops to 50% at 50 �C.
Therefore, there is a larger amount of adsorption when the
pressure exceeds atmospheric pressure, especially at high
temperatures. t is further away from unity for W-ZSM-5 and
ZSM-5 than W-silicalite-1 and silicalite-1, indicating that the
on (a) W-ZSM-5, (b) W-silicalite-1, (c) ZSM-5 and (d) silicalite-1 at 0 �C.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Toth isotherm parameters for N2 and O2 adsorption at 0 �C

Sample Gas qm (cm3 g�1) b t R2 q15 bar (cm
3 g�1)

W-ZSM-5 N2 77.195 0.262 0.555 0.9996 38.68
O2 58.385 0.128 0.986 0.9998 38.00

W-silicalite-1 N2 45.918 0.176 0.996 0.9997 33.22
O2 51.022 0.122 1.101 0.9999 35.05

ZSM-5 N2 62.738 0.195 0.695 0.9999 35.89
O2 54.106 0.123 1.041 0.9999 36.00

Silicalite-1 N2 52.235 0.141 0.896 0.9999 32.92
O2 57.041 0.106 1.002 0.9999 35.07

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 5

/1
/2

02
5 

1:
19

:2
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adsorption systems of W-ZSM-5 and ZSM-5 are more heteroge-
neous.40 The difference in the values of t can be explained by the
fact that Al atoms have a greater effect on heterogeneity. The
greater the heterogeneity of the adsorbent, the larger the CO2

adsorption capacity achieved.
Fig. 7 shows a comparison of the CO2, N2, and O2 adsorption

equilibrium data for the four samples, and the Toth model
tting curves. The Toth isotherm tting parameters for N2 and
O2 are listed in Table 5, and R2 is close to 1. Although CO2, N2

and O2 are all non-polar molecules, the quadrupole moments of
N2 (1.2 � 10�26 esu cm2) and O2 (0.4 � 10�26 esu cm2) are lower
compared to that of CO2 (4.3� 10�26 esu cm2).41,42 The value of t
for CO2 is less than for N2 and O2, and that for O2 is the largest.
Thus, the adsorption amount of CO2 is higher than that of N2

and O2, and this results in a selective adsorption performance.
The molar ratios of the adsorbed amounts of CO2/N2 and N2/

O2 at 0.1, 1 and 15 bar are presented in Fig. 8. The adsorption
selectivity for CO2/N2 and N2/O2 is determined by the following
equation:

S ¼ qi
�
qj

pi
�
pj

(3)

where S is the adsorption selectivity, q is the adsorption quan-
tity (cm3 g�1) at partial pressure p (bar), and i and j represent
CO2, N2 or O2.

There is a wider pressure range in the Henry type isotherm for
N2 and O2 compared to CO2, and thus substantial selectivity is
Fig. 8 Adsorption selectivity for (a) CO2/N2 and (b) N2/O2.

This journal is © The Royal Society of Chemistry 2020
observed at less than 1 bar. TheW and Al atoms in the framework
have little effect on the selectivity at a high pressure of 15 bar, and
mainly affect the selectivity in the low pressure region. The W-
doped ZSM-5 exhibits reduced CO2/N2 selectivity and enhanced
N2/O2 selectivity. The selectivity of the silicalite-1 type zeolite is
hardly affected by the W-doping, so the selectivity difference is
derived from the combined effects of W and Al atoms.
3.3. Water vapor adsorption

Fig. 9 shows the water vapor adsorption properties of the
samples. It can be observed that all isotherms were linear and the
adsorption process occurred in the Henry’s law region due to the
low temperature and saturated vapor pressure.43 The H2O
adsorption amounts of W-silicalite-1 and silicalite-1 are relatively
low, indicating that the presence or absence of Al largely deter-
mines the capacity for adsorbing water. The H2O adsorption
amounts of W-ZSM-5 and ZSM-5 are similar, and thus the doping
with W has a greater inuence on silicalite-1 in terms of absolute
adsorption capacity. H2O is a polar molecule, and the presence of
the polarization energy causes its adsorption affinity to be several
times that of CO2.44 As shown in Fig. 9(b), the CO2/H2O adsorp-
tion selectivity of W-ZSM-5 is slightly higher than that of ZSM-5,
and that of W-silicalite-1 is three times that of silicalite-1. The
exible coordination state of tungsten prevents the formation of
silanol, thereby reducing the number ofH2O adsorption sites.45 In
the framework without aluminum, tungsten plays an important
role in preventing water vapor adsorption. This demonstrates that
RSC Adv., 2020, 10, 24642–24652 | 24649
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Fig. 9 H2O vapor adsorption properties. (a) Isotherms at 25 �C and (b) selectivity for CO2/H2O.
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under humid working conditions, the performance in adsorptive
separation of CO2 is improved due to the W-doping in the
framework structures of ZSM-5 and silicalite-1.

4. Conclusions

In this work, framework hybrid zeolites with tungsten, W-ZSM-5/
silicalite, were prepared from rice husk ash. The CO2 and water
vapor adsorption properties of the samples were explored, and
then the CO2/H2O adsorption selectivity was evaluated. The
characterization results show that the involvement of tungsten
does not affect the crystal structure type of the zeolite, but
prevents the formation of silanol and O–H groups. Through
morphology and pore analyses, it is shown that tungsten has no
effect on the appearance of the morphology, but the change in
the framework leads to changes in the intrinsic specic surface
area, pore volume and pore size distribution. The adsorption
capacities of W-ZSM-5 and W-silicalite-1 are signicantly
improved, and the maximum capacities measured are 81.69 and
69.96 cm3 g�1, respectively. The adsorption isotherms of CO2, N2

and O2 are perfectly tted by the Toth model. The exible coor-
dination state of tungsten prevents the formation of silanol, and
this leads to the CO2/H2O selectivity of W-ZSM-5 being slightly
higher than that of ZSM-5, and the CO2/H2O selectivity of W-
silicalite-1 being three times that of silicalite-1. In summary,
the framework hybrids W-ZSM-5/silicalite-1 are potential adsor-
bents for separating CO2 under humid industrial conditions.
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